Introduction
============

Nanotechnology is growing at an exponential rate and undoubtedly is poised to change technology that offers multiple advantages. It is important to examine toxicological impact and consequences on health and environment when nanoparticles (NPs) are being used in numerous applications. A NP as compared with its bulky counterpart has novel/different physical properties such as an increased surface area to volume ratio, reactive sites, charge, shape, mobility, and thermal properties.[@b1-ijn-11-4509],[@b2-ijn-11-4509] Several processes have been designed based on these as well as photocatalytic, scattering, and homogeneous distribution properties for commercial applications of NPs in cosmetics, sunscreens, drug delivery, protective coatings making it easy to clean surfaces, in food for sensing biochemical parameters, and in textiles making them stain- and insect-resistant, and water repellent.[@b3-ijn-11-4509]--[@b7-ijn-11-4509] Many new types of nanomaterials are being released in significant amounts with wide variety of applications in areas such as medicine, diagnostics, drug delivery,[@b8-ijn-11-4509] and biosensors.[@b9-ijn-11-4509],[@b10-ijn-11-4509] The increasing applications of NPs in various fields have led to an increase in human exposure which in turn may lead to toxicological effects and unexpected health and environmental hazards.[@b11-ijn-11-4509],[@b12-ijn-11-4509] Among the intentionally engineered NPs, metal oxide NPs are the most widely produced and used nanomaterials. It has been demonstrated that exposure to metals often may lead to toxicity, altered gene expression, changes in epigenetic marks, and metal-induced carcinogenesis.[@b13-ijn-11-4509],[@b14-ijn-11-4509]

Accumulating evidence clearly shows that exposure to NPs can be toxic to biological system ranging from prokaryotes to higher eukaryotes including humans. Several in vivo and in vitro studies have shown that exposure to NPs leads to an inflammatory response, DNA damage, oxidative stress, lipid peroxidation, apoptosis, micronuclei formation, altered gene expression, genotoxicity, cytotoxicity, reproductive toxicity, immunotoxicity, and nongenotoxic carcinogenicity.[@b15-ijn-11-4509]--[@b23-ijn-11-4509] Different mechanisms for nongenotoxic carcinogenicity have been proposed, one of these is the epigenetic changes in the DNA methylation pattern that may result in altered gene expression.[@b24-ijn-11-4509] In parallel, genomics[@b25-ijn-11-4509] and proteomics[@b26-ijn-11-4509] data have suggested altered gene and protein profile under NP-exposed scenario; however, epigenetic variation has gained relatively little attention.

Epigenetics involves stable and heritable changes in gene expression without changing DNA sequence. Epigenetic mechanisms principally include DNA methylation patterns, posttranslational modification of histones tails, chromatin remodeling, and microRNAs (miRNAs).[@b27-ijn-11-4509] Given that the epigenomic signatures can be propagated through cell division, epigenetic dysregulation may persist even after the exposure is removed, and if these changes remain undetected, it could lead to long-term deleterious effects in biological systems. For example, epigenetic dysregulation is central to the initiation and progression of some cancers. The global hypomethylation is seen in a number of cancers, including thyroid, breast, cervical, prostate, stomach, lung, bladder, esophagus, colorectum, and liver.[@b28-ijn-11-4509]--[@b30-ijn-11-4509]

Rapidly growing evidence has linked exposure to NP with epigenetic variations,[@b31-ijn-11-4509] including changes in DNA methylation, histone modifications, and miRNAs.[@b32-ijn-11-4509] Some of such epigenetic changes have been associated with variation in gene expression. For example, cadmium telluride quantum dots and silica NPs are reported to affect global DNA methylation pattern, modulate DNA methyltransferase activity, methyl-CpG-binding domain (MBD) protein expression, and/or alter posttranslational modifications of histone proteins.[@b33-ijn-11-4509]--[@b35-ijn-11-4509] SiO~2~ NP has been shown to decrease the messenger RNA (mRNA) expression of *PARP-1*, increase the DNA methylation levels of *PARP-1* promoter, decrease global DNA methylation, and the related methyltransferase, including Dnmt1, Dnmt3A, and MBD2.[@b35-ijn-11-4509],[@b36-ijn-11-4509] Similar study on silver NPs (AgNPs) shows that at sublethal levels AgNP can alter histone methylation, thereby effecting globin gene expression in red blood cells.[@b37-ijn-11-4509] Copper oxide and gold NPs are shown to induce alterations in miRNA expression.[@b38-ijn-11-4509]--[@b40-ijn-11-4509] Recent study has reported that short-term exposure to engineered NPs leads to epigenetic alterations and an increase in L1 and Alu/SINEs mRNA transcripts in macrophages and lung epithelium.[@b41-ijn-11-4509] It has also been demonstrated that workplace exposure to NPs and their associated volatile chemicals can induce global demethylation, especially of retrotransposons in LINE and SINE sequences. NPs can lead to increase in reactive oxygen species production and oxidative DNA damage, which may affect the ability of methyltransferases activity leading to DNA hypomethylation and altered expression of methylation-regulated genes.[@b42-ijn-11-4509] However, there are no reports on the influence of titanium dioxide (TiO~2~) and zinc oxide (ZnO) NP on epigenetic integrity at sublethal concentration. TiO~2~ and ZnO NPs are considered as photocatalysts, and are extensively used in cosmetics and sunscreens.[@b43-ijn-11-4509] TiO~2~ and ZnO NPs are also used in paints, papers, toothpastes, food products, outdoor furniture varnishes, surface coating, textiles, and plastics.[@b44-ijn-11-4509],[@b45-ijn-11-4509]

In the present study, we have examined the effect of sublethal concentration of TiO~2~ and ZnO NPs on modulation of global DNA methylation and dynamic alteration of DNA methyltransferases. The occupational exposure of both TiO~2~ and ZnO NPs is known to mainly affect lungs, therefore, lung fibroblast (MRC5) cell line was used as a model to determine the potential modulations in DNA methylation. Here, we report that sublethal concentration of TiO~2~ and ZnO NPs can induce epigenetic changes, which may lead to reprogramming of broad spectrum of gene expression.

Materials and methods
=====================

Chemicals
---------

TiO~2~ (634662) and ZnO (544906) NPs were purchased from Sigma-Aldrich (Pune, India) and used for the experiments. Dulbecco's Modified Eagle's Medium (DMEM) and 0.25% trypsin--ethylenediaminetetraacetic acid were purchased from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum was purchased from Life Technologies (Waltham, MA, USA). Penicillin--streptomycin was purchased from Life Technologies. The (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, M5655) was purchased from Sigma-Aldrich (India).

Cell culture and exposure to NPs
--------------------------------

Lung fibroblast (MRC5) cells were provided by American Type Culture Collection (ATCC, Manassas, VA, USA). The cell line (MRC5) was cultured in DMEM supplemented with 10% fetal bovine serum and 100 U/mL penicillin--streptomycin at 37°C and 5% CO~2~. NPs were suspended in culture medium at a concentration of 1 mg/mL, and then sonicated for 5 minutes. The solution was then diluted with medium to a concentration of 10 µg/mL. The dilutions of NPs were vigorously vortexed for 30 seconds prior to cell exposure to avoid NP agglomeration. Cells were grown to 80% con-fluency, monolayer cells were trypsinized by using 0.25% trypsin--ethylenediaminetetraacetic acid solution and seeded in 96- or 24-well plates (Corning Incorporated, Corning, NY, USA) at a density of 1×10^4^ cells/well or 5×10^4^ cells/well, and allowed to attach for 12 hours. The NPs were then diluted to appropriate concentrations and immediately applied to the cells. Dose-dependent cytotoxicity was assessed by exposing cells to the TiO~2~ and ZnO NPs at concentrations of 0, 0.125, 0.25, 0.5, 1, 2, 4, and 8 µg/mL for 24, 48, and 72 hours.

MTT assay
---------

Viability of the cells exposed to metal oxide NPs for three different time points ranging from 24 to 72 hours was evaluated using the MTT reduction method.[@b46-ijn-11-4509] After incubation, the cell culture media was aspirated; 150 µL of MTT (5 mg/mL) was added to each well and incubated for 4 hours, 200 µL dimethyl sulfoxide was then added to dissolve the dark blue crystal. An optical density of 492 nm was used to monitor cell viability.

Colony-forming assay
--------------------

The lung fibroblast cells (50 cells/well) were seeded into a 24-well plate and incubated overnight. These cells were treated with different concentration (0--8 µg/mL) of NPs for 10 days, medium was removed, and cells were fixed using chilled ethanol. Cells were stained with crystal violet (0.1% in ethanol) for 30 minutes. The plate was washed with water and allowed to dry. Numbers of colonies were counted. Percent viability was calculated using the following formula: $$\%\text{Viability} = \frac{\text{Colony~count~in~treated}}{\text{Colony~count~in~untreated}} \times 100$$

Total glutathione assay
-----------------------

The change in glutathione (GSH) level of NP-exposed cells was determined using a commercially available tGSH kit (Sigma-Aldrich) following manufacturer's instruction. Briefly, NP-treated cells were sonicated in 5% sulfosalicylic acid. The samples were centrifuged at 10,000 rpm for 15 minutes at 4°C, and the supernatant was collected. The cell extract (20 µL) was transferred to a 96-well plate, and 150 µL of freshly prepared assay cocktail was added. The plates were then incubated for 5 minutes, then 50 µL of nicotinamide adenine dinucleotide phosphate solution (0.16 mg/mL) was added and the absorbance was read at 412 nm using a microplate reader (Multiskan EX; Thermo Scientific, Waltham, MA, USA). Standard curve was prepared using 50 µL of standards having total glutathione (tGSH) equivalents ranging from 0 to 50 µM. tGSH for each sample was then calculated from the standard curve as nmol/mg protein.

Nucleic acid isolation and quantitative real-time polymerase chain reaction
---------------------------------------------------------------------------

Total genomic DNA was isolated from NP-treated and NP-untreated cells at 24 and 48 hours exposure by sodium dodecyl sulfate/proteinase K digestion and phenol-chloroform extraction method. RNA was isolated from 24 hours NP-treated and NP-untreated cells using High Pure RNA Isolation Kit (Roche, Mannheim, Germany) and spectrophotometrically assessed for its quality. To remove chromosomal DNA, RNA was treated with DNase (Ambion, Oberursel, Germany). The complementary DNA (cDNA) was synthesized from RNA (1 µg) using Verso cDNA synthesis kit (Thermo Scientific). In brief, approximately 150--200 bp sequence from the Dnmt genes was amplified using specific primer sets ([Table 1](#t1-ijn-11-4509){ref-type="table"}). The polymerase chain reaction (PCR) (20 µL) containing cDNA template (1 µL) in KAPA SYBR FAST qPCR Master Mix (2X) (Kapa Biosystems, Salt River, Cape Town, South Africa) with gene-specific primers (3 pM) was performed using ABI StepOne real-time PCR machine (Applied Biosystems, Waltham, MA, USA). The program details were 95°C, 2 minutes, followed by 94°C, 15 seconds → 60°C, 15 seconds → 72°C, 20 seconds (40 cycles). All qPCR reactions were performed in triplicate, and the mean of the three reactions was considered as a representative value for each sample. The expression levels of Dnmt1, 3A, and 3B were normalized to the endogenous control, 18S rRNA gene whose intensity did not change in treated cells as compared with untreated cells. Melting curve analysis was performed at the end of amplification. Comparative C~T~ method was used to calculate relative expression of individual genes.

Immunochemical staining for the detection of 5-methylcytosine
-------------------------------------------------------------

Genomic DNA was isolated from NP-treated and NP-untreated MRC5 cell line by phenol chloroform method. The method as described[@b47-ijn-11-4509],[@b48-ijn-11-4509] was used for detection of 5-methylcytosine (5-mC). MRC5 genomic DNA (500 ng) was spotted on nitrocellulose membrane (Schleicher & Schuell), dried and cross-linked by exposure to ultraviolet on both sides of the membrane for 3 minutes. Anti-5-mC antibody[@b49-ijn-11-4509] was used at a dilution of 1:1,000. The antibody reaction was visualized by using peroxidase conjugate of antirabbit antibody followed by staining for peroxidase activity using diaminobenzidine tetrahydrochloride (Sigma-Aldrich Co., St Louis, MO, USA) and H~2~O~2~ (Merck, Darmstadt, Germany).

Quantification of the 5-mC content in genomic DNA
-------------------------------------------------

The genomic DNA cytosine methylation level in cell line exposed to NPs at 24 and 48 hours was assessed by using an enzyme-linked immunosorbent assay-based commercial kit (MDQ1, Imprint^®^ Methylated DNA Quantification Kit, Sigma-Aldrich). DNA at a concentration of 150 ng was diluted with 30 µL of binding buffers and incubated at 60°C. The samples were incubated with capture and detection antibodies and absorbance was read at 450 nm. Quantification of DNA methylation was obtained by calculating the amount of methylated cytosines in the sample relative to methylation in a positive control, which was provided by the manufacturer.

DNA methyltransferase activity
------------------------------

For the estimation of methyltransferase activity, cells were collected at 24 and 48 hours incubation with NPs, pelleted (5500 rpm, 5 minutes), and lysed in a phosphate-buffered saline by sonication. Cells were sonicated using the following setting: 70 Hz, 0.7 seconds cycle, five repetitions for 1 minute. The sonicated cells were then centrifuged at 14,000 rpm for 30 minutes at 4°C. The supernatant was collected and protein concentrations were determined in the cell lysates with a Bradford reagent (Bio-Rad, Laboratories Inc., Hercules, CA, USA) using bovine serum albumin as the standard. Cell lysates were used for determination of DNA methyltransferase activity using the EpiSeeker Dnmt Activity Quantification Assay Kit (Abcam, Cambridge, UK). In this assay, 5 µg of cell extract was incubated with a universal Dnmt substrate coated onto microplate wells. The methylated DNA was recognized with anti-5-mC antibody and then probed with detection antibodies provided with the kit. The amount of methylated DNA, which is proportional to enzyme activity, was then colorimetrically quantified using an enzyme-linked immunosorbent assay like reaction. DNA methyltransferase activity analysis was repeated thrice on each sample to minimize the assay variability. The results were expressed as absorbance units OD~450~ nm/h/mg protein.

Statistical analysis
--------------------

All experiments were done at least three times unless otherwise indicated. Data are expressed as mean ± standard error, and statistical significance was tested among and between groups using one-way analysis of variance. Differences with *P*\<0.05 were considered to be statistically significant.

Results
=======

Cytotoxicity induced by the TiO~2~ and ZnO NPs
----------------------------------------------

To evaluate the possible toxicity of TiO~2~ and ZnO NPs on cells, cell viability was determined after exposing MRC5 cells to TiO~2~ and ZnO NPs (0, 0.125, 0.25, 0.5, 1, 2, 4, and 8 µg/mL) for 24--72 hours. As shown in [Figure 1](#f1-ijn-11-4509){ref-type="fig"}, with the increasing dosage and time of incubation, viability of MRC5 cells was lower than control. At all time point of exposure to NPs, concentration ranging from 0.125 to 8 µg/mL TiO~2~ NP was more toxic as compared with ZnO NPs, significantly reducing the viability of MRC5 cells ([Figure 1A and B](#f1-ijn-11-4509){ref-type="fig"}). As a result, sublethal concentration with 80% viability and \<2 µg/mL at 24 hours was chosen in current study, since this concentration and exposure would not induce high cytotoxicity to mask subtle epigenetic changes. The concentration at which cell viability is 80% is hereafter referred to as sublethal concentration, while 50% viability is hereafter referred to as lethal concentration.

Clonogenic survival
-------------------

Clonogenic assay indicates the proliferative capacity of a single cell upon NP exposure for 10 days. The results of the colony-forming assay for cells treated with the TiO~2~ and ZnO are presented in [Figure 1C](#f1-ijn-11-4509){ref-type="fig"}. It represents the dose--response indicating the decrease in the colony number with the increasing concentration of both the NPs, thus demonstrating the effective inhibition of growth and proliferation of the cell line.

Oxidative stress
----------------

GSH status is considered to be an important oxidative stress marker in most cells. As shown in [Figure 2](#f2-ijn-11-4509){ref-type="fig"}, no significant reduction in tGSH level was observed even after exposure to 8 µg/mL of TiO~2~ and ZnO for 24 hours, indicating no obvious adaptive cell response of MRC5 with both NPs. Thus, both NPs did not trigger statistically significant difference in oxidative stress up to 8 µg/mL. Intracellular tGSH was reduced from 0.83 nmol/mg protein to 0.46 and 0.49 nmol/mg protein with 8 µg/mL concentration for TiO~2~ and ZnO NPs, respectively ([Figure 2](#f2-ijn-11-4509){ref-type="fig"}).

Analysis of global DNA methylation
----------------------------------

Global DNA methylation can be addressed by measuring the levels of 5-mC in control and exposed cells using an immunochemical detection method. Hypomethylation of genomic DNA was seen in lung fibroblast cells after exposure to both NPs ([Figure 3A](#f3-ijn-11-4509){ref-type="fig"}). When cells were treated with sublethal (0.5 µg/mL) and lethal concentration (4 µg/mL) of TiO~2~ NP, the DNA methylation was reduced to 49% and 46%, respectively, in comparison to control at 24 hours as estimated using the Imprint^®^ Methylated DNA Quantification Kit ([Figure 3B](#f3-ijn-11-4509){ref-type="fig"}). At 48 hours, there was slight decrease in DNA methylation which corresponds to 48% and 45% for 0.5 and 4 µg/mL respectively. Similarly genomic DNA methylation was lower in the ZnO-exposed cells compared with the control. The average percent of methylated cytosine in DNA methylation was decreased to 59% and 58.8% at 24 and 48 hours incubation with 1 µg/mL (sublethal concentration) as compared with control. Interestingly, modest hypomethylation to 43% and 42% was also identified in genomic DNA after 24 and 48 hours exposure of cells to 8 µg/mL concentration of ZnO NPs ([Figure 3C](#f3-ijn-11-4509){ref-type="fig"}). Thus, it can be hypothesized that exposure to various concentrations of NP may differentially affect the methylation status of the genomic DNA, thereby giving differential cell response and toxicity levels at different concentration, but there is no significant difference with respect to time of incubation. These results suggest that NP leads to global DNA hypomethylation immediately after 24 hours exposure and subsequent exposure over the time does not result in further decrease in methylation.

Effects of NP exposure on DNA methyltransferase activity
--------------------------------------------------------

Taking into account the observed alterations in genomic DNA methylation, to examine the effect of exposure of cells to NP on DNA methyltransferase activity, enzyme assay was carried out following exposure to TiO~2~ and ZnO NP for 24 and 48 hours. MRC5 cells were exposed to sublethal concentration 0.5 and 1 µg/mL of TiO~2~ and ZnO, respectively for 24 and 48 hours and DNA methyltransferase activity was determined. TiO~2~ and ZnO at these concentrations were not toxic to the cells. But at these concentrations, DNA meth-yltransferase activity was significantly repressed by almost 50% and 40% for TiO~2~ and ZnO, respectively, at 24 hours ([Figure 4A and B](#f4-ijn-11-4509){ref-type="fig"}). At lethal concentration (50% viability), that is, at 4 µg/mL concentration of TiO~2~ NP the repression of DNA methyltransferase activity was more pronounced, which led to 64% decrease as compared with control, while at 8 µg/mL concentration of ZnO NP the repression of DNA methyltransferase activity was decreased to 48% as compared with control ([Figure 4A and B](#f4-ijn-11-4509){ref-type="fig"}). Subsequent exposure for 48 hours does not result in further decrease in DNA meth-yltransferase activity. It is interesting to note that along with the decrease seen in level of genomic DNA methylation in NP-exposed cells, DNA methyltransferase activity was hampered in a concentration-dependent fashion.

NP treatment decreases Dnmt mRNA levels
---------------------------------------

To establish whether the observed changes in DNA methylation were accompanied by persistent changes in expression of the known Dnmt genes, mRNA levels of maintenance and de novo methyltransferase from MRC5 cells treated with TiO~2~ or ZnO NP for 24 hours were analyzed. Exposure to sublethal and lethal concentration of TiO~2~ and ZnO NP resulted in a marked reduction of the endogenous mRNA levels of *Dnmt1*, *3A*, and *3B* in MRC5 cell lines ([Figure 5](#f5-ijn-11-4509){ref-type="fig"}). The observed fold change reduction at 24 hours for Dnmt1 was 0.45--0.5 and 0.63--0.69 in TiO~2~- and ZnO-treated cells, respectively ([Figure 5A](#f5-ijn-11-4509){ref-type="fig"}); for *Dnmt3B*, relative expression was 0.49--0.5 in TiO~2~-treated cells and 0.61--0.68 in ZnO-treated cells ([Figure 5B](#f5-ijn-11-4509){ref-type="fig"}); for *Dnmt3A*, relative expression was 0.75--0.78 and 0.98 in TiO~2~- and ZnO-treated cells, respectively, compared with their respective controls ([Figure 5C](#f5-ijn-11-4509){ref-type="fig"}). Consistent with genomic DNA methylation and methyltransferase activity results, a significant downregulation of endogenous Dnmt1, 3A, and 3B expression levels was observed in cell exposed to both the NPs.

Discussion
==========

Under conditions of occupational exposure, inhalation of TiO~2~ NPs is normally the principal route for entry into the human body.[@b50-ijn-11-4509] In terms of risk for human on exposure to TiO~2~ and ZnO NPs, lungs are certainly one of the major organs that are affected by occupational exposure. Thus, the study of lung fibroblast cell upon NP exposure is of great significance to understand human exposure situation. Therefore, we have chosen MRC5 cells as a model system to study the effect of TiO~2~ and ZnO NP on genomic DNA hypomethylation.

Currently, several in vitro approaches have linked engineered NPs with oxidative stress production, activation of inflammatory pathways, cytotoxicity, genotoxicity, immunotoxicity, gene expression modulation, and proteomic variation.[@b15-ijn-11-4509],[@b19-ijn-11-4509]--[@b23-ijn-11-4509],[@b29-ijn-11-4509],[@b30-ijn-11-4509] However, the effect of NP on epigenetics/DNA methylation is not been fully investigated. The health effects associated with human exposure to NPs remain elusive and very little has been done with respect to investigating the epigenetic effects of nanomaterials. In the present investigation, we report that exposure to TiO~2~ and ZnO NP at concentrations that lead to nominal cytotoxicity (20% lethality) ([Figure 1](#f1-ijn-11-4509){ref-type="fig"}) can have adverse epigenetic effects at sublethal concentration. Very low-level exposures to these NPs can cause epigenetic changes.

Notably, NPs are known to stimulate oxidative stress, which in turn is associated with gene hypomethylation. Numerous studies have identified tGSH measurement as an indicator of oxidative stress.[@b51-ijn-11-4509] Thus to measure the levels of oxidative stress, tGSH content was measured after NP exposure in the range of 0.125--8 µg/mL concentration of TiO~2~ and ZnO NP ([Figure 2](#f2-ijn-11-4509){ref-type="fig"}). To identify the possible contribution of oxidative stress in DNA hypomethylation, 0.5 and 4 µg/mL concentration of TiO~2~ and 1 and 8 µg/mL concentration of ZnO were selected for further studies.

In our study, we observed decrease in genomic DNA methylation ([Figure 3](#f3-ijn-11-4509){ref-type="fig"}) along with corresponding DNA methyltransferase activity ([Figure 4](#f4-ijn-11-4509){ref-type="fig"}) at the above-mentioned concentration of TiO~2~ and ZnO NP. To the best of our knowledge, this is the first study to link altered DNA methylation patterns upon exposure to TiO~2~ and ZnO NPs, which have wide range of applications. A dose-related decrease in methylation in comparison with the control sample was detected. This can range from a net hypomethylation of 45%--50% in cells exposed to TiO~2~ NP ([Figure 3B](#f3-ijn-11-4509){ref-type="fig"}) and 40%--60% in cells exposed to ZnO NP ([Figure 3C](#f3-ijn-11-4509){ref-type="fig"}). These results suggest that both NPs induced overall DNA hypomethylation in MRC5 cells and that the effect was dose-dependent.

We have compared the DNA methyltransferase enzyme activity in treated and control conditions. Our study was based on quantitative analysis of DNA methyltransferase activity using immunochemical methodology, which is highly reproducible and accurate at measuring small changes in DNA methylation. DNA methyltransferase activity was reduced by 40%--50% in TiO~2~ and ZnO NP-exposed cells ([Figure 4](#f4-ijn-11-4509){ref-type="fig"}). NP-exposed cells definitely lead to hypomethylation of genomic DNA; however, upon subsequent exposure, there was no significant change in percent of DNA hypomethylation and corresponding methyltransferase activity.

We investigated whether changes in expression of Dnmts could account for the observed changes in DNA methylation and correlated with alterations in DNA methyltransferase activity. We further examined the expression of methyltransferases at two different concentrations. RT-PCR analysis of mRNA expression levels was employed to identify the effects exerted by NP on DNA methylation machinery. The 24-hour exposure to NP resulted in substantial and dose-dependent decreases in mRNA levels of all three DNA methyltransferases -- Dnmt1, 3A, and 3B ([Figure 5](#f5-ijn-11-4509){ref-type="fig"}). Subtle down-regulation of DNA methyltransferases was also observed in response to sublethal and lethal concentration. The mRNA expression of Dnmt1 changed in a trend similar to that of Dnmt3B after exposure to the NP. Effects of NP exposure on Dnmt3A were more pronounced as compared with Dnmt1 and Dnmt3B. Expression of Dnmts was decreased at both 0.5 and 4 µg/mL for TiO~2~ and 1 and 8 µg/mL for ZnO at 24 hours. Treatment with NP was found to reduce not only the amount of genomic DNA cytosine methylation and activity of DNA methyltransferase, but also the amount of DNA methyltransferase transcripts. Thus, the gradual loss of methylation of MRC5 cell genome during NP treatment was at least partly attributable to a decrease in DNA methyltransferase activity. Thus, the decreased methylation in the genomic DNA was due to persistent repression of DNA methyltransferases.

Epigenetic studies after exposure to NP-containing merchandise and knowledge on its effect is still limited. Epigenetic changes induced by NPs might be the earliest events during nanotoxicity and may provide a plausible explanation and link between molecular mechanism and nanotoxicity. However, it is clear that there is a lack of research in the "nanoepigenetics" field. Limited data suggest that exposure to some NPs, such as cadmium telluride quantum dots, SiO~2~, AgNP, gold NP, multiwalled carbon nanotubes, copper oxide, and engineered NPs adversely affect epigenetic landscape.[@b31-ijn-11-4509]--[@b41-ijn-11-4509] To our knowledge, global DNA methylation and Dnmt expression levels have not previously been investigated for TiO~2~ and ZnO NP. Our results suggest that global hypomethylation is associated with concentration of NPs. The findings from this study are intriguing and merit further investigation.

Epigenetic modifications are extensively studied and used as potential biomarkers in several disease conditions.[@b52-ijn-11-4509],[@b53-ijn-11-4509] Most epigenetic biomarkers discovered to date are based on DNA methylation leading to molecular alteration in many human diseases. Numerous evidences show that methylated DNAs or miRNAs can serve as biomarkers for the early detection in tumorigenesis and many diseases such as diabetes, obesity, neurological, cardiovascular, genetic, psychiatric disorders, and stress.[@b54-ijn-11-4509]--[@b57-ijn-11-4509]

Our understanding of nanoepigenetics is increasing, but it is still far from complete, a gene-specific epigenomic and promoter DNA methylation pattern deserves further study. The resulting information might lead to the identification of potential NP exposure biomarkers for early detection of nanotoxicity.

Nanoepigenetics and exposure biomarkers integrated with genomic and/or proteomic studies can be a rich source of information that can ultimately result in a much improved understanding of molecular mechanisms for nanotoxicity. It also suggests that DNA hypomethylation can be used as an early exposure warning sign as a biomarker.

Conclusion
==========

Significant correlation was noticed between NP exposure, endogenous DNA methyltransferase transcript levels, and global genomic DNA methylation along with activities of DNA methyltransferase enzyme. The repressed *Dnmts* with maintenance or de novo methyltransferase activity contribute to global hypomethylation. These data provide firm evidence that NPs even at sublethal concentrations at which no obvious cytotoxic effect or oxidative stress is manifested could still impede genomic DNA hypomethylation.

Aberrant global DNA hypomethylation is generally associated with chromosomal instability, overexpression of genes that is important in carcinogenesis, and modulation of expression of genes that would normally be tightly regulated by meth-ylation.[@b58-ijn-11-4509] TiO~2~ has been classified as possible carcinogen to humans (group 2B) as well as TiO~2~ NPs induce tumorigenesis in animal models.[@b59-ijn-11-4509] Limited data shows that reactive oxygen species generation, inflammation, DNA damage, and signal alterations of certain cancer-related genes may be involved in the carcinogenicity of TiO~2~ NPs. We hypothesized that TiO~2~ NPs may operate at the epigenetic level by influencing chromosomal stability and gene expression and may play an important role in the etiology of their carcinogenesis.

Large body of data links NP exposure to induce alterations in gene expression, altered protein profile and toxicity, irrespective of the model system used. However, the mechanisms by which NPs can lead to these toxic effect and adverse outcomes are not well characterized. Therefore, we like to propose that DNA hypomethylation can be associated with and could explain molecular mechanism of NP toxicity and carcinogenicity for TiO~2~ NPs. Currently, the toxicity of engineered NPs is assessed with a number of approaches. Nanotoxicity is studied with an array of in vitro methods such as genomics, transcriptomics, and proteomics approach; parallel epigenomic studies will provide a valuable platform to predict the toxic potential of nanomaterials. Based on the results of our investigation, we believe that the inclusion of an assessment of methylation status, with an emphasis on dose--response relationships, as a component of initial toxicity testing can help in better understanding of possible mechanisms underlying toxicity.

The mechanism by which NPs interfere with DNA methylation remains unclear. It is likely that hypomethylation regulates gene expression, thus future work aims to explore specific genes effected by NP-induced hypomethylation. Although the relation between nanotoxicity and DNA hypomethylation is unknown, the study adds TiO~2~ and ZnO to a growing list of NPs, which could cause epigenetic changes.
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![Cytotoxicity of NPs.\
**Notes:** (**A**) Effects of TiO~2~ NPs and (**B**) ZnO NPs on the viability of MRC5 cells, determined using the MTT assay. Cells were exposed to different concentrations of NPs for 24, 48, and 72 hours. Results are expressed as the percent of cell viability compared with the control. The data are presented as the mean ± SE of at least three independent experiments. (**C**) Colony-forming assay; graphical representation of percent viability of lung fibroblast cell line against different concentrations of TiO~2~ and ZnO NPs after 10 days. Data are presented with a mean ± SE of at least three independent experiments.\
**Abbreviations:** NPs, nanoparticles; SE, standard error; TiO~2~, titanium dioxide; ZnO, zinc oxide; h, hours.](ijn-11-4509Fig1){#f1-ijn-11-4509}

![GSH after NPs exposure.\
**Notes:** The levels of tGSH measured after 24 hours exposure of MRC5 cells to TiO~2~ and ZnO. Results are expressed as the nmol of the tGSH level per mg of protein. Data are presented with a mean ± SE of at least three independent experiments.\
**Abbreviations:** GSH, glutathione; NPs, nanoparticles; SE, standard error; tGSH, total glutathione; TiO~2~, titanium dioxide; ZnO, zinc oxide.](ijn-11-4509Fig2){#f2-ijn-11-4509}

![Immunochemical detection of 5-mC.\
**Notes:** (**A**) Dot blot of genomic DNA isolated from nanoparticle-treated and -untreated cells and probed with anti-5-mC antibodies. Bound antibody was detected using a horseradish peroxidase-conjugated secondary antibody and chemiluminescence. (**B**) Methylation status of genomic DNA cytosine methylation in TiO~2~-treated cells. Detection of 5-mC present in the genomic DNA of control and TiO~2~-treated cells. (**C**) Methylation status of genomic DNA cytosine methylation in ZnO-treated cells. Detection of 5-mC present in the genomic DNA of control and ZnO-treated cells. Methylation was estimated by an enzyme-linked immunosorbent assay based Imprint^®^ Methylated DNA Quantification Kit (Sigma-Aldrich), which specifically detects 5-mC in the input DNA. Data are represented as percent cytosine methylation as compared with control. One-way analysis of variance (*P*\<0.05) shows statistically significant difference.\
**Abbreviations:** 5-mC, 5-methylcytosine; TiO~2~, titanium dioxide; ZnO, zinc oxide.](ijn-11-4509Fig3){#f3-ijn-11-4509}

![DNA methyltransferase activity.\
**Notes:** The effects of (**A**) TiO~2~ NP and (**B**) ZnO NP on DNA methyltransferase activity (statistically significant *P*\<0.05 \[one-way analysis of variance\]) in MRC5 cells that were exposed to 24 hours was estimated using colorimetric assay as per EpiSeeker Dnmt Activity Quantification Assay Kit (Abcam, Cambridge, UK).\
**Abbreviations:** TiO~2~, titanium dioxide; ZnO, zinc oxide.](ijn-11-4509Fig4){#f4-ijn-11-4509}

![Differential expression of Dnmts.\
**Notes:** (**A**) Representative results of fold change difference of Dnmt1. (**B**) Representative results of fold change difference of Dnmt3B. (**C**) Representative results of fold change difference of Dnmt3A. Data are expressed as the mean ± SEM in three independent experiments, representing the relative levels with normalization by 18S ribosomal RNA. The fold differences were calculated compared with control groups and shown in the figure. \**P*\<0.007; \*\**P*\<0.01; \*\*\**P*\<0.05.\
**Abbreviations:** SEM, standard error of the mean; TiO~2~, titanium dioxide; ZnO, zinc oxide.](ijn-11-4509Fig5){#f5-ijn-11-4509}

###### 

List of primers used in this study

  Name                         Sequence
  ---------------------------- ----------------------------
  Dnmt1                        F: GGTTCTTCCTCCTGGAGAATGTC
  R: GGGCCACGCCGTACTG          
  Dnmt3A                       F: CAATGACCTCTCCATCGTCAAC
  R: CATGCAGGAGGCGGTAGAA       
  Dnmt3B                       F: CCATGAAGGTTGGCGACAA
  R: TGGCATCAATCATCACTGGATT    
  18S                          F: AACTGCGAATGGCTCATTAAATC
  R: TTGATCTGATAAATGCACGCATC   
